Ambient and household air pollution are leading contributors to the global burden of disease; suicide is not among the causes of morbidity and mortality included in the burden estimates for air pollution, but a paper in this issue suggests that perhaps it should be if the answer to the following question were affirmative: Does air pollution trigger suicide? In their so-titled paper, Casas and colleagues [1] addressed this question in a population-based case-crossover study of suicide mortality carried out in Belgium, a nation with a high suicide rate in comparison with its European neighbors. They were motivated to conduct this study by the mixed findings from previous epidemiological studies of short-term and long-term air pollution exposures and various outcome measures clinically related to suicide. A biological rationale for their hypothesis was based in animal studies showing multi-organ effects of exposure to particulate matter (PM) and ozone (O 3 ) on gene expression, extending to the brain, and also on behavioral responses and neurotransmitters.
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In their analysis, Casas and colleagues assessed patterns of association of suicide mortality with estimated daily concentrations of PM and O 3 , exploring various lag structures and potential modification of risks associated with the air pollutants by age, sex, season, and mode of death. The results show significant associations in the summer for both pollutants and greater effects for PM in the youngest and oldest age groups. Their findings mirror past studies, which provide a mixed picture of associations for a variety of outcomes relevant to depression and suicide. In interpreting these findings, type 1 error merits consideration, particularly given the large sample size of more than 20,000 suicide deaths and the multiple stratified analyses reported. We note, however, that the observation of significant associations during the summer is plausible, given that personal exposures to outdoor air pollutants are likely to be greater during warm seasons. The time-stratified case-crossover design is appropriate for dealing with short-term temporal confounding and the authors explore a reasonably justified set of potential modifying factors.
This new study adds to an emerging literature suggesting that air pollution may have detrimental effects on the human brain across the life course, beginning with potential links to delayed neuropsychological development and increased risks for neurodevelopmental disorders including autism in early childhood and extending to possible influences on ''brain aging'' in late life. Is there a unifying biological basis for adverse effects of air pollution exposure on the brain and, most critically, what could be the underlying pathways of injuries? We do know that very small, engineered ultrafine particles can reach the brain, either by traveling from the nose along the olfactory nerve and by the systemic circulation following translocation across the alveolar-capillary layer in the lung.
Does biological understanding support the authors' notably strong conclusion: ''… high concentrations of common outdoor air pollutants such as PM 10 or O 3 can trigger suicide, particularly during warm seasons.'' We argue for a better understanding of the psychological pathways and neurobiological mechanisms linking air pollution to suicidal behaviors. We draw on the stressdiathesis model of suicidal behaviors [2] , because of its well-tested validity in psychopathology and neurobiology. The development of suicidal behaviors requires a diathesis-a dynamic state of vulnerability-which predisposes individuals to such behaviors when confronted with stressors. Psychosocial crises and acute states of psychiatric diseases (including a major depressive episode) are common stressors that may trigger suicide. Approximately 90% of people who die by suicide have prior histories of psychiatric disorders, notably mood, substance-related, anxiety, psychotic, and personality disorders, commonly with comorbid conditions [3] . In the elderly, multiple physical illnesses (e.g., terminal cancers and cerebrovascular disease with disabilities) also significantly increase suicide risk. While others (e.g., Kim et al. [4] ) have hypothesized that air pollution could exacerbate these comorbid conditions and thus increasing suicide risk, Casas et al. suggest that ambient air pollution may act as a novel environmental trigger. But could air pollution exposure affect neuropsychological stressors or perhaps increase the diathesis for suicidal behaviors by effects at various points across the life course?
A few birth cohort studies have examined the putative effects of early-life PM exposure on symptoms of anxiety and depression in school-aged children, but the reported findings were inconsistent [5] [6] [7] [8] [9] . Overall, the available epidemiologic evidence does not provide a strong support for the hypothesis that that ambient air pollution exacerbates the acute stress state of major neuropsychiatric diseases and triggers suicidal behaviors in affected children and adolescents through this psychological pathway. However, emerging neurotoxicological data suggest that ambient air pollution may contribute to the psychopathological state (e.g., increased impulsivity; loss of cognitive control; emotional dysregulation) leading to suicidal behaviors in children and adolescents. For instance, behavioral phenotypes consistent with impulsivity were increased in mice with early-life exposures to concentrated ambient ultrafine particles (postnatal [10] ) or diesel exhaust (prenatal [11] ). Of three cross-sectional studies [12] [13] [14] that examined early-life exposure to PM and impulsivity in school-aged children and adolescents, two reported significant associations [12, 14] . Although these observations support the possibility that ambient air pollution may be a determinant of diathesis, future studies need to prospectively assess whether air pollution exposure leads to acute exacerbations of psychopathologies that trigger suicidal behaviors in children and adolescents.
Casas et al. also reported an increased risk of death from suicide associated with PM 10 exposure in the people aged C 85 years. Older people, compared to other segments of the population, are at a greater risk for suicide [3] . While mixed results have been reported for long-term air pollution exposure effects on mood disorders in adults [15] [16] [17] [18] , more consistent associations have been observed for increased emergency visits for depressive episodes [19, 20] , self-reported depressive symptoms [21, 22] , and hospitalization for neuropsychiatric diseases [23] with exposures to ambient air pollutants over lags of several days up to one month. Higher levels of perceived stress were also associated with short-term exposures in older men [24] . Thus, airborne particle exposure could be another neuropsychological stressors that triggers suicide.
Cognitive impairment is a major contributor to suicide diathesis in the elderly [2] . Previous studies comparing suicide attempters to controls have shown increased risk linked with cognitive deficits, notably decision-making impairment and reduced cognitive inhibition. Particulate matter exposure has emerged as a novel determinant of cognitive aging, but the extant data primarily relate to deficits in global cognitive function and episodic memory associated with long-term exposure. Little is known about possible short-term exposure effects on the higher cortical functions involved in suicide.
Casas et al. also showed a modest but statistically significant increase in risk for suicidal death associated with O 3 exposure in adolescence and adulthood. However, we found no published data showing adverse O 3 effects on depressive symptoms, mood disorders, or other psychiatric diseases in youth. Mixed results were reported from two epidemiological studies addressing relevant endpoints, i.e., symptoms and depression, in adults [16, 25] . Epidemiologic data are not available on the possible link between O 3 exposure and increased diathesis for suicidal behaviors.
We also note that the neurobiological mechanisms linking air pollution to suicide have not been investigated directly in humans, but the neurotoxicological findings point to the need for epidemiologic studies to examine the abnormalities in the hypothalamic-pituitary-adrenal (HPA) axis stress response and the serotonergic neurotransmission, both playing a significant role in determining the diathesis for suicide. In depressed people, hyperactivity of the HPA axis increases mood instability and future risk for suicide. Deficient serotonergic function and altered HPA axis responses also contribute to increased aggression and impulsivity [2] . In experimental animal models, activation of the HPA axis has been demonstrated with inhalation exposures to concentrated ambient particles [26] and with relatively low levels of O 3 [27] . Prenatal exposure to diesel exhaust particles decrease the serotonin levels in multiple brain regions of socially-isolated male mice [28] . Regional brain serotonin levels were also suppressed in a stress-sensitive rat model of depression following chronic ozone exposure [29] . Lower levels of serotonin metabolites were found in adults with occupational exposure to urban air pollutants [30] , but epidemiological research has not addressed potential adverse effects of ambient air pollution on serotonergic systems in community-based samples.
Epidemiologic evidence for an increased suicidal risk triggered by air pollution could be further advanced by research linking exposure with biological predictors of suicidal attempt. Accumulating evidence indicates that both peripheral and central inflammation contribute to the pathophysiology of suicidality. Although exposures to airborne particles and ozone are known to cause widespread inflammatory responses in humans and animal models, we lack direct evidence for dysregulated immune response or neuroinflammation shown with air pollution exposure in high-risk populations. Another potential biomarker is brain-derived neurotrophic factor (BDNF), briefly discussed in Casas et al. for its potential role in neurodevelopment. More importantly, because BDNF is involved in many neurophysiological functions in the brain (including synaptic and structural plasticity), this neurotrophic protein has been implicated in the pathogenesis of suicide. BDNF expression is decreased in the brains of people who committed suicide and in the peripheral blood of those who attempted to commit suicide or had suicidal ideation. However, two published studies examining the effect of traffic-related air pollution on BDNF yielded conflicting results. An experiment in mice [31] found decreased BDNF expression in the olfactory bulb in mice after exposure to traffic emissions in a highway tunnel. One recent report [32] from a double-blinded crossover trial on 27 healthy adults showed no significant difference in serum BDNF concentration after a 2 h-controlled exposure to diesel exhaust particles (300 lg PM 2.5 /m 3 ). Neuroimaging studies may offer important insights on whether and how air pollution exposures affect the specific brain regions, neural structures, or functional networks related to suicidal thoughts and behaviors. Smaller gray matter volumes (GMV), primarily in prefrontal and temporal cortical sub-regions and insula, were found in most MRI studies comparing suicide attempters with controls, independent of depressed mood [33] . One recent study reported that older women residing in locations with higher long-term exposure to PM 2.5 had smaller GMV, primarily in the dorsolateral and medial prefrontal cortices [34] . Because the dorsolateral prefrontal cortex is known for its involvement in executive functions and higher cortical control processes including cognitive inhibition, this observed neurotoxic effect on GMV may be relevant to the increased biological diathesis of suicide risk associated with PM exposure in the elderly. Since lower serotonin transporter binding in suicide victims is highly localized to the ventromedial prefrontal cortex [2] , molecular neuroimaging studies examining whether ambient air pollution exposure is associated with the neuroanatomical distribution of serotonin transporter binding in high-risk individuals could be informative. Depressed suicide attempters, compared to depressed non-attempters, had smaller white matter (WM) volumes in the frontal, parietal, and temporal regions [35] . Suicidal behavior is associated with atrophy of corpus callosum, the largest WM structure in human brain. Emerging data from human neuroimaging studies [36, 37] and animal experiments [38, 39] suggest that WM architecture may represent a novel target of particle-induced neurotoxicity. For instance, widespread WM loss associated with PM 2.5 exposure has been suggested in school-age children [36] and older women [37] without overt neuropsychiatric diseases.
In this commentary, we identify a few critical knowledge gaps to be addressed in future studies that may help better understand the neuropsychological processes and neurobiological mechanisms linking exposures to ambient air pollution with an increased risk for suicide. From our perspective, the new report by Casas et al. does not definitively answer the question raised by its title. Their findings, however, do add to the already strong rationale for understanding how air pollution exposure affects the health of the brain across the life course.
